Abstract. In this work, the non-linearities of a 3G/UMTS
Introduction
Bulk Acoustic Wave (BAW) and Thin-Film Bulk Acoustic Resonator (FBAR) based filters have been proven for small footprint high power applications. Owing to their reduced size, and their CMOS process compatibility, they are easily integrable in common RF ICs that operate in the GHz and sub GHz spectrum, which is a difficult feat using conventional microstrip technology. Modeling of the nonlinear behavior of BAW filters is an active research area. Several non-linear models are categorized into physical models, such as the non-linear Mason models, and behavioral, like non-linear BVD and MBVD. These article models are usually applied for a single resonator or for a simple structure where no more than two or three resonators are used [1] .
For more complex filter structures, and when the individual characteristics of the resonators are unknown and/or influenced by other phenomena such as thermal influence or fabrication defects, the resonator by resonator approach becomes impracticable [2] , [3] . A grey box approach is required due to the number of unknowns involved.
In this article, the non-linear modeling of a five resonators BAW filter is described without reference to the parameters of the individual resonator. Only the measured response of the filter is taken into account, in addition to the knowledge of its internal structure. A simple non-linear MBVD model is used to describe the behavior of the individual resonators, and a two-step identification process is used to estimate the small-signal and large-signal model parameters.
BAW Technology

BAW Resonators
BAW resonators are Micro-Electro-Mechanical Systems (MEMS) devices that perform the function of a classical resonator but without the inconvenience of being bulky. BAW resonators are fully integrable using standard CMOS Very Large Scale Integration (VLSI) process.
A BAW resonator consists of two electrodes, a piezoelectric layer and a Bragg reflector composed from alternating layers of materials with different mechanical properties. BAW technology has several varieties including SMR, FBAR and HBAR. The main difference between those types is the mechanical structure which may, or may not include additional air gaps for example.
In this paper we have studied a Solidly-Mounted Resonator (SMR) based ladder band pass filter.
Design and Fabrication
In SMR resonators, the acoustic reflector consists of alternating layers of two quarter-wave thickness and each low and high impedances respectively as shown in Fig. 1(a) [4] . Usually, these layers of low and high impedance are formed by pairs SiO 2 /AlN or SiO 2 /W [5] . The SiO 2 layer has low impedance compared to AlN/W leading to a high coupling factor. The impedance ratio is important because it determines the number of pairs needed for a good confinement of the acoustic wave [6] . The higher this ratio, the lower is the number of pairs that will be needed. Therefore, less energy is stored in the reflector resulting in a better coupling factor. Additionally, there will be less loss in the reflector, which allows a better quality factor. For the metals W and SiO 2 , the impedance ratio is about 7. Two pairs of said two layers are sufficient to obtain a reflector with a reflection of 99.98% in the PCS band. This impedance ratio is lower in the pair AlN/SiO 2 and is of the order of 2.8 which requires more pairs as in the case to realize a reflector W/SiO 2 . The layer thicknesses of the reflector also influence the resonance frequency which decreases as the thickness increases. The sensitivity of this frequency with respect to variations in layer thickness is greater as the latter is close to the resonator [7] .
In other words, the layers that lie just beneath the resonator have much influence as the last layers have less influence or influence completely negligible. Therefore, they will be taken into account in the design of resonators. Similarly, the number of pairs and the impedance ratio of the reflector materials determine the bandwidth of the reflection coefficient, and so that of the resonator. SMR's are usually modeled using the Butterworth-Van Dyke equivalent lumped model. Larson [8] have introduced ( Fig. 2 ) MBVD model in order to take into account dielectric contact losses. It should be noted that the aforementioned model is a small signal model, which doesn't take into account the soon to be discussed non-linear behavior of the resonator.
The resonator's cross section (Fig. 1b) shows four distinct areas, the substrate, the Bragg reflector, the AlN (Piezoelectric) deposit layer and the electrodes. BAW-SMR's are, usually, modeled using the Mason model [9] and the Modified Butterworth-Van Dyke model (MBVD) [8] . The complex impedance of a resonator using the MBVD ( 
where : L m and C m : elements of acoustic resonance frequency, R m : mechanical resistor of piezoelectric layer, R s : resistor of electrodes, C 0 : physical and static capacitor, R 0 : dielectric resistor of AlN.
Filter Structure
The filter is composed of five resonators in a ladder configurations, as illustrated in Fig. 3 , with the series (Xs 1 , Xs 2 and Xs 3 ) resonators and the parallel resonators (Xp 1 and Xp 2 ) being identical respectively which confers symmetry to the filter's structure. This symmetry is also clear in the filters.
Z 0 is the reference characteristic impedance (usually 50 ) and Z S is the impedance of the filter structure:
and Z 1 and Z 2 are the series and parallel resonator's complex impedance, respectively. The latter are given using the MBVD model (1), with R S , R 0 and C 0 being the same owing to them being mainly dependent on the fabrication process and the used materials only. Thus, the series and parallel resonators can be expressed using the triplets (R m1 , C m1 , L m1 ) and (R m2 , C m2 , L m2 ) respectively. It's possible to obtain the S-matrix using the conversions between Z and S [10] : 2  2  2  2  1  2  0  2 0  2  2  s  1  2  s  0 2  1  0  2   2  222  2 0  1  2  0  2  2  s  1  2  s  0 2  1  0  2   2  2  2   2  2 2
In the present work, we study our fabricated BAW filter (Fig. 3) . The aforementioned filter was designed and fabricated in IMEP-LAHC in collaboration with CEA in Grenoble, France. The surface of the fabricated filter is 2 mm 2 approximately (Fig. 4) , and it operates in the 3G/UMTS band (central frequency 2.12 GHz, bandwidth 61.55 MHz, quality factor 34.55).
Each resonator is modelized using the MBVD model. Using ADS, we have been able to estimate the model's parameters values using gradient optimization tool. Table 1 contains the values of the series and parallel resonators' parameters. As shown in Fig. 5 the small-signal MBVD parameters were extracted from the measurements. It should be noted that the MBVD model is only accurate for a limited frequency range around the filter's center frequency. If excited with high power two tones at frequencies F 1 and F 2 , a non-linear system exhibits spurious harmonics at its output whose frequencies are located at the mixing product of the two fundamental driving harmonics. The worst spurious harmonics are the Third-Order InterModulation Products (3 rd IMP) which typically appear at 2F 1 -F 2 and 2F 2 -F 1 frequencies because they are very close to the fundamentals F 1 and F 2 (Fig. 6 ).
Non-linear Measurements and Characterization
The non-linear measurement chosen for non-linearities modeling is the third order inter-modulation product (IP3). The experimental setup for the measurement is given in Fig. 7 .
Two microwave synthesized sources are used for providing two tones at 2.128 GHz and 2.133 GHz. Two isolators are used to prevent any inter-modulation phenomena between both sources and before the power combiner. The same high power amplifier is used for bringing high power level at the input of BAW filters. The swept power at the output of both sources is -15 and -5.0 dBm. This means swept input power of amplifier is from -22.0 to -12.0 dBm, and swept power at the input of BAW filter is from +18.0 dBm to +28.0 dBm. The aggregated measurements are shown in Fig. 8 . Figure 9 is a clearer representation of the evolution of the harmonic power vs the input power.
The measured 3 rd point intercept is 38 dBm as shown in Fig. 10 .
To take into account the observed non-linearities, the series capacitance C m and inductance L m for series and parallel resonators have been considered to be non-linear. To characterize the non-linear behavior of the filter, a modified MBVD model where the inductors L m1 and L m2 are considered to be non-linear is used. Because almost no physical details about the filter are available (area of the resonators, AlN layer thickness, etc...), an optimization operation is used to estimate the inductors' parameters.
In the relevant literature [2] , [3] , non-linear components are approximated using current (for inductors and resistors) and voltage (for capacitors) described by polynomial functions, but a characterization object is usually a single resonator. Having a complex filter structure, the only known value is the global input power P in for each harmonic of the excitation signal. This leads to P in being present in the inductors' expression.
The chosen inductor non-linear model is given by the following equation:
where L nl is the small-signal inductor value, α is a constant that controls the saturation point of the non-linear function, β is a function of P in and I is the RMS value of the current flowing through the inductor. We have obtained the equation (4) using symbolic fitting of the measurement data and the Eureka software package [11] . We have performed some trials starting by polynomial fitting function, after that we have chosen hyperbolic tangent in order to reduce the number of variables to two ( 1 and  2 ).
Results
Using ADS, we captured the equivalent circuit for the whole filter (Fig. 11) and used the optimization tool to estimate the coefficients using the measured response.
The simulation results and the measurements are illustrated in Fig. 12 . For the measured power range, the output power of the filter correlates closely with the simulated results where the possible error margin should be very small. We have made an OSLT calibration on VNA in order to bring our measurements plans at the input and output of the filter to be characterized. Table 2 contains the list of the parameter's values for each input power level for both series and parallel resonators. The values of α 1 and α 2 were chosen in accordance to the measured magnitude of the spurious harmonics. In the starting trials, we have defined α 1 and α 2 as variables, and when we realized that they didn't vary so much we decided to keep α 1 and α 2 constant as mentioned in Tab. 2.
To understand much more the behavior of β 1 and β 2 , we have plotted the evolution of β 1 (Fig. 13 ) as a function of P in which behaves like Heaviside function. This behavior could be linked to the transition from a weak non-linear behavior to a stronger non-linearity regime between 24.0 dBm and 25.0 dBm input power.
Also we have plotted β 2 ( Fig. 14) that exhibits small variation for the whole power range with some values nearing zero, which indicates a weak non-linear behavior for the parallel resonators. The disparity between the series and parallel resonators non-linear behavior is due to the excitation frequencies choice. Being located within the passing region of the filter, the excitation harmonics power should traverse the series resonators mostly, and thus affecting them more.
Figures 15 and 16 are a graphic representation of the evolution of the values of L m versus the input power for series and parallel resonator. We note that they are highly dependent on the input power. The parallel resonators seem to have more erratic behavior compared to the series resonators. This can be explained by the reliance of computing the value of C m as a direct function of L m which fixes the series resonance frequency.
The obtained results prove that our grey-box approach undertaken in this letter is viable, and would result in a workable model. In addition, the non-linearity parameters were reduced to only four parameters, which reduce the search space for the optimization procedure. 
Conclusion
We have carried out a non-linearities modeling of a five resonators ladder BAW filter after using power measurements of transmission response. The obtained fitted model agrees well with the measurements. The use of a non-polynomial non-linear function for describing the non-linearities induced by high power excitation describes better the observed non-linear behavior than the usual polynomial fitting. In addition, the corresponding number of the non-linear parameters was reduced to four for the whole filter which includes two distinct resonator types. The proposed non-linear resonator model is applicable to different structures, with varying number of resonators.
